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Silica and carbon based magnetic amphiphilic nanocomposites (MANCs) were synthesized and 

applied for desulfurization in this work. The structure, composition, magnetic and amphiphilic 

properties of the resulting MANCs were characterized in detail by physicochemical means 

such as XRD, elemental analysis, Raman spectroscopy, electron microscopies, thermal 

analysis, TPR, Mössbauer spectroscopy, magnetization measurements, and contact angle. 

Different concentrations of Fe and Mo were supported on the surface of silica in order to 

catalyse the controlled growth of carbon nanotubes and nanofibers by chemical vapor 

deposition (CVD). The partial coating of hydrophilic silica with hydrophobic carbon 

nanostructures imparts amphiphilicity, which make the composites a strategic catalyst to 

promote emulsion formation and to act on the interface. Moreover, during CVD process 

magnetic species were produced conferring magnetic property which can facilitates the 

emulsion breakage by a simple magnetic process. Studies on desulfurization reactions 

catalysed by these nanocomposites were promising and showed that Mo plays an important 

role on the catalyst efficiency. 

Introduction 

Amphiphilic materials are defined as chemical species that have 

in their structure at least two distinct portions: (i) a polar and 

hydrophilic portion, and (ii) a nonpolar and hydrophobic 

portion. These materials are capable to promote interaction 

between media with different polarities, for example, a biphasic 

system containing water and oil 1. The most common 

representatives of these amphiphilic materials are surfactant 

molecules and some polymers. Solid amphiphilic materials 

began to be recently exploited and are commonly found in the 

literature as Janus particles 2. Amphiphilic composites based on 

different materials have been reported in the literature, such as 

layered silicates fragments 3, chrysotile 4, vermiculite 5, 

molybdenum carbide 6, magnetic iron oxide 7, gold 

nanoparticles 8, red mud residue 1 and nano alumina 9. 

 

 
Figure 1. Magnetic amphiphilic nanocomposites (MANCs) 

based on silica and carbon. 

 

In this contribution, magnetic amphiphilic nanocomposites 

(MANCs)10 were prepared, extensively characterized and 

applied successfully for diesel desulfurization. This new class 

of MANCs is based on silica and carbon nanostructures (Figure 

1), which are responsible by the amphiphilic character. Iron and 

specially molybdenum nuclei supported on silica surface play a 

very important role in the desulfurization process and provide 

magnetic properties to the MANCs. Remarkably, the same 

composites that form and stabilize emulsions can be used to 

separate the phases of a stable emulsion by a simple magnetic 

process. The magnetic property is essential to facilitate the 

application of the composites as catalysts. 

 

Experimental 

Preparation and Characterization of the MANCs  

Silica was impregnated with iron nitrate III (Fe(NO3)3.9H2O - 

Vetec) and ammonium molybdate ((NH4)6Mo7O24.4H2O – Rio 

Lab) in different proportions: a group of samples with 10, 5 and 

1 wt% of Fe and another group with  Fe10%Mo1%, 

Fe5%Mo0.5%, and Fe1%Mo0.1%. Composites were named 

according to the Fe and Mo content, i.e. SiFe10%Mo1%. 

The impregnated matrix SiO2 (200 mg) was submitted to a 

temperature programmed reduction (TPR) with H2/N2 (5% H2) 

up to 900 °C. After cooling of the system, the samples undergo 

TPCVD process (Temperature Programmed Chemical Vapor 

Deposition) with methane heating up to 900 °C. This 

temperature was held for 60 min. For both experiments, TPR 

and TPCVD, it was used gas flow of 80 mL min-1 and heating 

rate of 10 °C min-1.  
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The composites produced were characterized by Temperature 

Programmed Reduction - TPR (Quanta Chrome CHEMBET-

3000), Mössbauer spectroscopy (spectrometer conventional 

CMTE MA250, constant acceleration, 57Co source in Rh 

matrix, room temperature), AAS (Hitachi-Z8200 equipment), 

X-ray diffraction – XRD (diffractometer Rigaku D\MAX), 

magnetization measurements (magnetometer LakeShore 7404 

VSM System), thermal analysis – TG (Shimadzu TGA-60, 

heating rate of 10 oC min-1, air flow of 100 mL min-1), 

elemental analysis CHN (CHN Perkin-Elmer analyzer), contact 

angle (goniometer GPX-Digidrop - digitizer of droplets: 

information about contact angle DGD-DI), Raman 

spectroscopy (DeltaNu ExamineR, excitation wavelength of 

785 nm - red laser), scanning electron microscopy – SEM 

(microscope SEG - Quanta 200 – SEI) and transmission 

electron microscopy – TEM (microscope Tecnai G2 200kV – 

SEI). 

Catalytic reactions  

The silica/carbon composites prepared were tested initially on 

the stabilization of reversible emulsions (emulsification/ 

demulsification) between different organic and aqueous phases, 

i.e. soybean oil/water, mineral oil/water, cyclohexane/H2O2(aq). 

The emulsion formation was monitored by optical microscopy 

(microscope Cole Parmer Instrument, model 41500-5). 

The ability to emulsify and demulsify of the materials was used 

to intensify Fenton-like reactions in two-phase systems in 

which the oxidizing agent (hydrogen peroxide - H2O2) is in the 

aqueous phase and the substrate is in the organic phase 11. 

Emulsifying the system intensifies the contact between the 

immiscible phases, favoring the reaction. Iron and molybdenum 

present on the surface of the composites were used to catalyze 

peroxide activation, characterizing a heterogeneous Fenton-like 

mechanism. 

At first, dibenzothiophene (DBT – Figure S9) was tested as a 

model sulfur contaminant of crude oil. For each test, it was 

used 5 mL of dibenzothiophene (Merck) 50 ppm S in 

cyclohexane. To the organic phase, 10 mg of the material under 

study was added and the system was left in contact until it 

reached adsorption equilibrium. After equilibrium, 1 mL of 

hydrogen peroxide (H2O2) (Chemical Dynamics) was added to 

promote the contaminant oxidation. The contaminants removal 

was monitored by UV-Vis spectroscopy (Shimadzu UV-2550 

with photomultiplier detector R-928) and gas chromatography-

mass spectrometry (GC-MS Shimadzu QP2010 - PLUS with 

electron impact ionization at 70 eV and a nonpolar capillary 

column RTX ® - 5MS). 

Tests on the applicability of the materials for sulfur removal in 

a real sample of diesel S1800 (maximum S concentration 1800 

ppm) was performed. In this case, the sulfur content was 

analyzed by X-ray fluorescence (Shimadzu EDX-800 using 

ASTM D4294). 

Results and discussion 

Preparation and characterization of silica/carbon composites  

The preparation of the composites was first studied by 

Temperature Programmed Reduction – TPR (Supplementary 

Material). The reactions were monitored with respect to the 

amount of H2 consumed or released from the composites. In the 

first step of reaction, Fe and Mo salts are reduced up to Fe0 and 

Mo0 consuming H2. In the second step, H2 is released indicating 

the CH4 decomposition and the deposition of C on the silica 

surface. 

The amphiphilic silica/carbon composites synthesized were 

extensively characterized in order to obtain information about 

their metallic and carbon phases. More than that, the structural 

differences were used to understand their different behaviors as 

catalysts. 

The atomic absorption spectrometry (AAS) was initially used to 

determine the amount of iron and molybdenum on silica 

amphiphilic composites synthesized by TPCVD (Table 1). It is 

observed that the iron content determined by AAS are lower 

than the theoretical values, since the latter do not take into 

account the carbon deposits during the CVD process. That is, 

the final iron content in the composite should be less than the 

content of silica impregnated matrix. 

 

Table 1. Distribution of iron and molybdenum on the silica 

nanocomposites, obtained by AAS. 

Composite Iron/% Molybdenum/% 

SFe1% 1.01 0 

SFe1%Mo0,1% 0.95 0.36 

SFe5% 3.29 0 

SFe5%Mo0,5% 3.81 0.75 

SFe10% 9.84 0 

SFe10%Mo1% 9.07 1.73 

 

It is observed that the percentages obtained by AAS are close to the 

expected values. The iron content determined by AAS is slightly 

lower than the theoretical values, since the latter do not take into 

account the carbon deposited during the CVD process. That is, the 

final iron content in the composite should be less than the content of 

the silica matrix only impregnated. 

The iron phases formed during the composites synthesis were 

determined by Mössbauer spectroscopy, as shown in Figure 2.  

 

 
Figure 2. Mössbauer spectra obtained for the amphiphilic 

materials at room temperature. 

 

Samples containing 1% of iron did not show significant signal 

intensity, making it impossible to build Mössbauer spectra due 

to the low iron content present in these samples. From 

Mössbauer hyperfine parameters obtained for the materials with 

5 and 10% of iron (Supplementary Material) it was possible to 

determine the composition of each sample related to the iron 

phase formed. The compositions are expressed in Table 2. 
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Table 2. Iron phases identified by Mössbauer spectroscopy. 

Sample γ-Fe(C) Fe2SiO4 Fe-Si-C FexMoy Fe0 

SiFe5% 38 34 28 - - 

SiFe10% 12 - - 67 - 
SiFe5%Mo0.5% 50 39 11 - - 

SiFe10%Mo1%. 13 - - 12 20 

 

The phases identified by Mössbauer spectroscopy for the 

amphiphilic composites are: solid solution of γ-Fe and carbon 

(γ-Fe(C)), silicate of iron II (Fe2SiO4) 
12, iron-silicon carbide 

(Fe-Si-C) also containing Fe2+, iron carbide (FexCy), Fe-Mo 

alloy (FexMoy) 
13 with Fe in oxidation state 3+, and metallic 

iron (Fe0). It is observed that in the samples without 

molybdenum only γ-Fe(C) and Fe2SiO4 are formed. The 

difference between SiFe5% and SiFe10% is due to the higher 

iron content in the sample SiFe10% that favours the formation 

of iron carbide. On the other hand, composites containing Mo 

show mainly FexCy phase, which is favoured by high 

concentrations of carbon instead of γ-Fe(C) favoured by lower 

concentrations of carbon 14. This is in agreement with the 

carbon content measurements (Figure 4), which shows that 

samples with Mo have more carbon. Moreover, molybdenum is 

known as a promoter of the iron carbide formation 13. Metallic 

iron is formed only in the sample SiFe10%Mo1% due to its 

higher iron content. 

Magnetization measurements were carried out for the series of 

silica/carbon MANCs. Magnetization curves obtained for 

materials containing Mo are shown in Figure 3. 

 

 
Figure 3. Magnetization curves obtained for the materials 

SiFe1Mo0.1%, SiFe5%Mo0.5% and SiFe10%Mo1%. 

 

Although the matrix silica is not magnetic, the composites 

produced by CVD clearly show magnetization. This magnetic 

property is due to the reduction of the iron salt impregnated on 

the matrix during TPR and TPCVD reactions, generating iron 

magnetic phases, such as Fe0 and FexCy, confirmed by 

Mössbauer spectroscopy. Materials with 1% Fe showed lower 

saturation magnetization (<1 emu g-1) due to their low iron 

concentration. However, during bench tests it was observed that 

the materials SiFe1% and SiFe1%Mo0.1% are attracted by a 

magnet. As expected, the saturation magnetization increases 

with the Fe content. Magnetic susceptibility results show that 

composites can be recovered from the reaction medium by the 

application of a magnetic field as has been proven 

experimentally 15, 16. 

The amphiphilicity of the materials can be controlled by their 

carbon content: the higher the carbon content, the greater 

hydrophobic character. The relation between carbon content 

and contact angle can be seen in Figure 4. 

 

 
Figure 4. Contact angle measurements and carbon content for 

the amphiphilic silica/carbon composites. 

 

It can be observed that the increase in the contact angle is 

directly related to the carbon content of the composites. Pure 

silica is very hydrophilic, showing contact angle of 

approximately 0o. This matrix only impregnated with Fe and 

Mo salts, without carbon, is also completely hydrophilic 

(contact angle near 0o). On the other hand, the composites 

prepared by CVD reaction of silica, Fe/Mo and methane present 

higher contact angles, i.e. 20o for SiFe1%, 18 for 

SiFe1%Mo0,1%, 43 for SiFe5%, 53 for SiFe5%Mo0.5%, 68 

for SiFe10% and 62º for SiFe10%Mo1%.  

CHN results show that the higher the Fe and Mo content, the 

greater the amount of carbon deposited, as shown in 

Supplementary Material. Several studies in the literature show 

that molybdenum acts as co-catalyst in the presence of iron to 

catalyse carbon deposition in organized forms 13, 17, 18, what is 

in agreement with the obtained results. 

It is observed that SiFe1%Mo0.1% and SiFe10%Mo1% present 

lower contact angles than SiFe1% and SiFe10%, respectively, 

despite having higher carbon content. This can be due to the 

effect of Mo, which clearly inhibits the formation of Fe2SiO4 

phase, favoring the formation of hydrophilic phases exposed on 

the silica surface, as shown by Mössbauer spectroscopy. These 

metal hydrophilic phases were confirmed by TGA 

(Supplementary Material), which show a weight gain related to 

oxidation of metallic phases (350-450°C) before the carbon 

oxidation (500-700°C)19. Despite having exposed metallic 

phases the sample SiFe5%Mo0.5% do not show the same 

behavior that may be related to the fact that this sample has 

much more organized carbon phases (Figure 5) than the other 

samples.  

In order to characterize carbon deposits formed on the materials 

surface with different contents of iron and molybdenum, 

Raman spectra were obtained (Figure 5). 
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Figure 5. Raman spectra obtained for the amphiphilic 

composites. 

 

Raman spectra in Figure 5 shows intense D and G bands at 

about 1340 and 1580 cm-1, respectively. The presence of the D 

band suggests the formation of defective carbon structures, 

such as defective CNT. On the other hand, G band represents 

the formation of organized carbon structures, such as graphite 

and carbon nanotubes (CNT) 20. It is observed that the G band 

appears asymmetric for all materials, especially for 

SiFe1%Mo0.1%, SiFe5%Mo0.5% and SiFe5%, which may be 

associated to the presence of single-walled carbon nanotubes 

(SWCNT) 21. All samples showed a high ratio ID/IG, which 

suggests that the carbon filaments produced are likely 

agglomerated and/or twisted and with high amount of defects. 

However, it might be a desirable feature as some studies 

demonstrate that defects in carbon nanostructures significantly 

increase their catalytic activities 22, 23. 

The morphology of the silica/carbon composites was 

investigated by SEM. Images obtained for the amphiphilic 

materials (Figure 6) showed that the matrix silica remains with 

the same morphology even after the synthesis steps. On the 

surface of the matrix, supported metal nanoparticles are 

dispersed all over the material. Figure 6 also shows 

agglomerates of carbon filaments on MANCs surface.  

 

Figure 6. SEM images obtained for pure silica and composites, 

showing filaments and metal nanoparticles. 

 

In order to better observe the nanometric structures, TEM 

images were obtained for SiFe10% and SiFe10%Mo1% 

(Figure 7). Metal nanoparticles with diameters between 10 and 

50 nm encapsulated by carbon can be observed, and also, 

carbon nanotubes with diameters between 5 and 50 nm. These 

nanotubes are present in agglomerates, often twisted, which 

characterizes regions of defects, this is in agreement with the 

intensity of Raman D band and ID/IG ratios (see Figure 5). 

 
Figure 7. Images obtained by TEM for composites with 10% of 

iron, showing coated metallic nanoparticles and several 

filaments. 

Page 4 of 8New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

Catalytic reactions  

In order to gauge the effectiveness of the amphiphilic 

silica/carbon composites, as promoters of reactions in biphasic 

systems, MANCs were tested first as emulsifiers. The emulsion 

formation between immiscible phases, such as 

water/cyclohexane, water/soybean oil or water/decalin, is 

essential for the reaction yield. Amphiphilic composites favor 

the formation and stabilization of organic droplets dispersed in 

aqueous phase because they remain on the interface oil/water, 

avoiding droplets coalescence (Figure 8).  

 

 
Figure 8. Microscopic images of cyclohexane/water emulsions 

stabilized by the amphiphilic composites. 

 

As the materials can form stable emulsions between two 

immiscible phases, they were tested in biphasic oxidation 

reactions of dibenzothiophene (DBT). Figure 9 summarizes 

how these composites act in this reaction. In the first step 

MANCs promote emulsion formation, increasing the interface 

between organic and aqueous phases.  

 

 
Figure 9. Scheme of silica/carbon composites application in 

desulfurization reactions. 

 

Hydrogen peroxide is activated by Fe and Mo species on the 

surface of the composites in a heterogeneous Fenton-like 

mechanism, forming highly oxidizing hydroxyl groups (•OH) 24 

on the interface of the immiscible phases. By intensifying the 

interface, the composites facilitate the contact between •OH 

radicals and DBT molecules. The oxidized contaminant is 

extracted to the aqueous phase by polarity. After reaction, the 

amphiphilic silica/carbon composites located on the interface 

can be attracted by an external magnet. The removal of the 

materials from the interface destabilizes the emulsion formed 

and the phases are separated. The catalysts can then be removed 

magnetically from the system and reused for several times. The 

catalysts were reused in at least three consecutive tests of DBT 

oxidation and showed similar activity. 

The dibenzothiophene oxidation reactions were carried out 

using solutions containing 50 ppm of DBT, in order to test the 

composites under ultra-desulfurization conditions. DBT 

concentration in organic phase (cyclohexane) was monitored by 

UV-Vis spectroscopy (Figure 10).  

 
Figure 10. DBT removal in the presence of amphiphilic 

materials (5 mL DBT 50 ppm S in cyclohexane, 1 mL H2O2, 10 

mg catalyst). 

 

It is important to note that the same trend is observed for both 

groups: (i) composites with Mo and (ii) composites without 

Mo. In each group, the catalysts are more efficient as more 

metal they have. Furthermore, the materials containing 

molybdenum are more efficient to remove DBT, probably 

because Mo nuclei are also active 25, 26 for peroxide activation, 

but extremely resistant to sulfur poisoning 27, 28. Therefore, the 

efficiency of the catalyst depends on the amount of carbon and 

the availability of metal particles present on their surface to 

promote the H2O2 activation 
29. From Mössbauer results, we 

observe that materials containing Mo present iron carbide in 

their composition, which might be associated with its activity. 

Results of dibenzothiophene oxidation (Figure 10) show that 

the silica/carbon composites prepared can be applied as 

catalysts, since the sulphur removal is much higher in the 

presence of these composites, especially those containing Mo. 

The best catalyst (SiFe10%Mo1%) reaches 15 mgS gcat
-1, 

compared to 4 mg S for the blank experiment, this is a 

relatively good result for deep oxidesulfurization compared to 

other results from the literature 30, 31. 

The oxidation of sulphur was also tested for real contaminated 

diesel samples. In these experiments, catalysts containing 

molybdenum presented again higher efficiency in the 

desulfurization (Figure 11). 
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Figure 11. Removal of sulfur in diesel S1800 in the presence of 

the composites (5 mL diesel S1800, 1 mL H2O2, 10 mg 

catalyst). 

 

Diesel is a complex matrix with different physico-chemical 

properties compared to the model solution and contains a 

variety of S-molecules, including BT, DBT and 4,6 DMDBT. 

These molecules can be even more difficult to be oxidized, due 

mainly to steric effects32. However, it is observed that the 

percentage reduction on the sulfur content in diesel (Figure 11) 

is comparable to the reduction obtained in experiments with 

model solutions of DBT in cyclohexane (Figure 10), 

approximately 60%. 

Experiments of DBT oxidation in the presence of the composite 

SiFe10%Mo1% were monitored by GC-MS in order to identify 

the oxidation products.  

 

 
Figure 12. Chromatograms of the organic phase of DBT 

oxidation reaction, obtained by GC-MS. 

 

Chromatograms of Figure 12 show that at the beginning of the 

reaction only one peak related to DBT can be observed, with 

retention time of 14 min. During the reaction in the presence of 

the silica/carbon catalyst, a new peak appeared with retention 

time of 16.8 min, probably related to a reaction product. After 

14 min, the area of DBT peak decreased slightly, while the 

second peak area, referring to the reaction product, increases 

over time and later it starts to decrease. Probably because it 

begins to be extracted by the aqueous phase, due to its higher 

hydrophilicity. These peaks were identified by mass 

spectrometry (Figure S8) as dibenzothiophene (m/z = 184) and 

dibenzothiophene sulfone (m/z = 216), respectively. 

The oxidized product of dibenzothiophene first appears in the 

organic phase due to its intermediate polarity and low 

concentration (Eq. 1). Increasing the reaction time, the peak 

referent to the oxidized product disappears from organic phase, 

suggesting that the dibenzothiophene sulfone produced has 

passed into the aqueous phase (Eq. 2). Thus, the organic phase 

(fuel) has the concentration of S containing contaminants 

decreasing over time. This reaction mechanism is very well 

established and has been reported by different research 

groups33-37. 

 

DBT(org) → DBT-O2(org)   (Eq 1) 

 

DBT-O2(org) → DBT-O2(aq)  (Eq 2)  

   

The detailed mechanism proposed for the biphasic 

desulfurization catalysed by the composites was depicted in 

Figure 13. 

 

 
Figure 13. Mechanism of desulfurization catalysed by the 

amphiphilic composites. 

 

In the first step of the mechanism, the composites act increasing 

the interface between diesel and aqueous phases, forming an 

emulsion with high interface. Then, hydrogen peroxide is 

activated by Fe and Mo species on the surface of the 

composites in a heterogeneous Fenton-like mechanism, forming 

hydroxyl groups (•OH) (Eq 3). •OH radicals rapidly react with 

the sulphur molecule and iniciate the oxidation process or either 

can react with other H2O2 molecules to form hydroperoxyl 

radicals, HOO•, highly oxidizing peracid species which are also 

capable to oxidize the DTB on the interface of the immiscible 

phases (Eq. 4). 

 

 Fe2+(surf) + H2O2 → Fe3+(surf) + OH
- + •OH   (Eq. 3) 

 
 •OH + H2O2 → •OOH + H2O   (Eq. 4) 

 

By intensifying the interface, the composites facilitate the 

contact between the radicals and S-molecules. Consequently, 

the radicals can iniciate the selective oxidation of the S-
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contaminants present in the organic phase, and finally, the 

oxidized S-contaminant is extracted by the aqueous phase due 

to its increased polarity. At the end of reaction, the composites 

located on the interface can be attracted by an external magnet, 

which destabilizes the emulsion formed and the phases are 

separated. 

The efficiency obtained by the silica nanocomposites in this 

study is comparable to recent papers of other researcher groups. 

Madeira et al 38 obtained 60% S removal via biodesulfurization, 

same as Vargas et al 39 with experiments of photocatalysis. 

Some studies show lower activities, including Bhasarkar et al 40 

that obtained ~50% via oxidative desulfurization assisted by 

phase transfer agent and ultrasound and Mohamed et al 41 that 

achived 18% of sulfur reduction in hexane. 

 

Conclusions 

Magnetic amphiphilic nanocomposites (MANCs) based on 

silica and carbon were produced and tested for desulfurization. 

Fe and Mo supported on the surface of silica were used to 

catalyze carbon deposition by the chemical vapor deposition 

method. Characterization results showed that the iron phases 

were reduced to confer magnetic property to the composites. 

Carbon content of the materials with different Fe/Mo ratios 

varies from 3 to 14% mainly as carbon nanotubes and 

nanofibers, which in turn can tune the amphiphilicity. It was 

demonstrated that the MANCs can interact at the same time 

with aqueous and organic phases and increase the interface of 

biphasic systems, promoting the formation of stable emulsions. 

Studies on the use of the composites as catalysts for biphasic 

desulfurization reactions showed that these composites, 

especially those containing Mo, are promising for the removal 

of S compounds from petroleum and its derivatives. Further, 

Mo plays an important role in the desulfurization process, since 

composites containing Mo in all concentrations tested showed 

superior efficiencies. The influence of Mo is likely associated 

with its activity for H2O2 activation and resistence to sulfur 

poisoning. At the end of the process, the catalysts are easily 

removed by magnetic separation and can be reused. These 

MANCs exhibit great potential to be used as catalysts for 

different other biphasic reactions and new experiments are 

underway. 
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